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ABSTRACT 

Background: Replication of HIV- 1 in human T lympho- 
cytes requires the activation of host cellular proteins. 
This study identifies p38 mitogen- activated protein, ki- 
nase (MAPK) as one such kinase necessary for HIV-1 
replication in T cells. 

Materials and Methods: Primary human T lympho- 
cytes were infected with the LAI strain of HTV-1 and 
Jurkat cells were infected with the RF. strain of HIV-1. 
HIV replication was measured by reverse transcriptase 
activity. Cellular expression of endogenous p38 MAPK 
protein was analyzed using immunoprecipitation. Block- 
ade of p38 MAPK expression was achieved using anti- 
sense oligonucleotides to p38 MAPK and the guanylhy- 
drazone compound CNI- 1493, an inhibitor of p38 MAPK 
activation. 

Results: HIV- 1 infection of both primary human T lym- 
phocytes and a T cell line rapidly activated the cellular 



p38 MAPK pathway, which remained activated for the 
duration of the culture. Addition of phosphothioated 
antisense oligonucleotides to p38 MAPK specifically in- 
hibited viral replication. Blockade of p38 MAPK activa- 
tion by addition of CNI- 1493 also inhibited HTV-1 viral 
replication of primary T lymphocytes in a dose- and 
time-dependent manner. Stimulation of p38 MAPK ac- 
tivation did not occur with the addition of heat-inacti- 
vated virus, suggesting that viral internalization, and hot 
just membrane binding, is necessary for p38 MAPK ac- 
tivation. 

Conclusions: These results indicate that activation of 
the p38 MAPK cascade is critical for HIV-1 replication in 
primary T lymphocytes, and that blockade of this signal 
transduction pathway may be a novel therapeutic, ap- 
proach to the treatment of HIV- 1 infection. . 



INTRODUCTION 

HIV-1 infection has attained pandemic propor- 
tions. Combination therapies that target en- 
zymes encoded by the virus, such as reverse 
transcriptase or protease, have shown promise in 
the treatment of this disease (1-4). Advances in 
understanding the pathogenesis of HTV- 1 infec- 
tion suggest that it may also be plausible to de- 
velop therapeutics for HIV- 1 infection that target 
host protein cofactors. Such an approach would 
avoid the emergence of drug-resistant strains, a 
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potential problem in every current anti-HIV-1 
therapy directed against viral protein targets. 
One class of host proteins that participates in the 
regulation of HTV-1 infectivity is transcription 
factors such as NF-kB, which stimulates viral 
gene expression through the long terminal re- 
peat (LTR) of HIV-1 (5-7). 

Proteins involved ih signal transduction 
pathways represent another class of host protein 
targets. The serine/threonine kinase p38 MAPK, 
a member of the mitogen-activated protein 
(MAP) kinase superfamily of signal transduction 
molecules (8-10). was recently implicated in the 
mediation of HIV-1 infection in macrophages 
( 1 1 , 1 2 ) . In the latently infected U 1 promonocyte 
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cell line, activation of p38 MAP kinase by tumor 
necrosis factor (TNF) and interleukin-l (IL-1) 
caused reactivation of HTV-1 replication (11). It 
was further suggested that the molecular basis 
for this viral activation is due to p38 MAPK- 
mediated enhancement of HTV-1 -directed LTR- 
transcription (12). 

Although p38 MAPK activation has also 
been implicated in signaling proinflammatory 
cytokine production in monocytes and macro- 
phages, less is known about the role of p38 acti- 
vation in T lymphocytes. p38 MAPK activation 
has been observed in lymphocytes during early 
intrathymic signaling, and is essential for the 
differentiation and repertoire selection of T cells 
during development (13). Although p38 MAP 
kinase activation has been implicated in HIV-1 
infection of macrophages, (11), it is not known 
whether it is also required for HTV-1 infection of 
T lymphocytes. In this report, we demonstrate 
that p38 MAPK is activated in both primary T 
lymphocytes and in a T cell line following HTV- 1 
infection, and this activation is required for 
HTV-1 replication in T lymphocytes. 



MATERIALS AND METHODS 

Cell Culture and HTV Infection 

T lymphocytes were prepared by Ficoll-Hypaque 
separation of whole blood, depletion of mono- 
cytes by adherence, and activation with PHA 
(5 /xg/ml) for 3 days in RPMI 1640 + 10% FCS + 
L-glutamine + antibiotics (penicillin, streptomy- 
cin). Cells were infected with 2.6 X 10 4 cpm/ml 
reverse transcription (RT) activity of HTV-1 LAI 
stock prepared on peripheral blood mononuclear 
cells (PBMCs). After a 2-hr incubation at 37°C, 
cells were washed and resuspended in fresh me- 
dium containing 20 U/ml of IL-2 (Boehringer- 
Mannheim, Indianapolis, IN). Virus was heat in- 
activated by incubation for 2 hr at 56°C. Where 
used, CNI-1493 (15), was added 1 hr prior to 
addition of virus, and cells refed with fresh media 
containing this agent every 3 days. 

Jurkat cells (ATCC, Rockville, MD) were in- 
fected with the RF strain of HIV-1 as follows. 
Cells were infected with 2 X 10 5 cpm/ml RT 
activity of HTV-1 RF stock prepared on PBMCs, 
and cell lysates were harvested, after one-half hr 
for immunoprecipitation as described below. 

For experiments using oligonucleotides, T 
lymphocytes were infected with HIV-l^ in the 
presence of 1 jxM 18-mer oligonucleotides. Cells 



were refed every 3-4 days with media contain- 
ing fresh oligomer. At various time points after 
infection, supernatants were collected for RT as- 
say and cells were harvested for total and phos- 
pho-p38 MAPK analysis assayed by Western blot 
and immunoprecipitation. 

RAW 264.7 cells (ATCC, Rockville, MD). 
grown in RPMI + 10% FCS + antibiotics (PS) 
were pretreated with varying concentrations of 
CNI-1493 1 hr prior to addition of lipopolysac- 
charide (LPS) (Escherichia coli 0lll:B4 100 ng/ 
ml; Sigma Chemical Co., St Louis, MO). Cell 
lysates were prepared for immunoprecipitation 
and immunoblotting 1 5 min after administration 
of LPS. 

Cells were assayed for viability using 0.04% 
Trypan blue stain (Gibco/BRL, Grand Island, 
NY). ' 



p38 MAPK Immunoprecipitation and 
Western Blotting 

At various time points after infection, cell lysates 
were prepared from 10 7 cells/condition in lysis 
buffer (0.05 M Tris-HCl, 1% NP-40, 0.25% Na 
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM 
Na 3 V0 4/ 1 mM NaF [Sigma Chemical Co.]). 
Equal amounts (300 ju,g) of cell lysate were im- 
munoprecipitated with the anti-phosphotyrosine 
antibody 4G10 (UBI, Lake Placid, NY) prebound 
to protein A- agarose beads (Sigma Chemical 
Co.), washed three times with lysis buffer, re- 
solved on SDS-PAGE (12%), and subjected to 
Western blotting using a 1 : 1 000 dilution of rabbit 
polyclonal antibody prepared against the C-20 
peptides of human p38 MAPK (Santa Cruz Bio- 
technology, Santa Cruz, CA). Binding to anti- 
body was detected using enhanced chemilumi- 
nescence (Amersham International PLC, 
Arlington Heights, IL). p38 MAPK protein was 
measured using the densitometry program NIH 
image 1.59. 

Western blots of tyrosine phosphorylated 
proteins in whole cell lysates were probed using 
the antibody 4G10 as per manufacturer's recom- 
mendation. 



Antisense Oligonucleotides 

18-mer phosphothioate oligonucleotides coding 
for bp 324-341 in either the sense (GCAGG 
AGCTGAACAAGAC) or antisense (GTCTTGTT 
CAGCTCCTGC) direction were used on the basis 
of the sequence of human p38 MAPK (14). 
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FIG. 1. Increased phosphorylation of p38 MAPK after primary infection of T lymphocytes with the 
LAI strain of HTV-1 

Panel A depicts a representative protein immunoblot analysis of phospho-p38 MAPK levels in primary T lympho- 
cytes in the absence or presence of HIV- 1^ at various time points after infection. Panel B shows the cumulative 
results of three experiments (± standard error). Panel C shows the results of a representative immunoblot analysis 
of phospho-p38 MAPK levels in the human T cell line Jurkat in the absence or presence of HTV-1 RF at various 
time points after infection. 



RESULTS 

Activation of p38 MAPK during Primary 
HIV-1 Infection of T Lymphocytes 

We measured p38 MAPK activation in primary T 
lymphocytes isolated from normal donors, stim- 
ulated with phytohemagglutinin (PHA) for 2-3 
days, and then infected with the HIV- 1^ strain. 
p38 MAPK activation in these experiments was 
measured as a function of p38 MAPK phosphor- 
ylation assayed by immunoprecipitation. As 
early as 30 min postinfection, a rapid increase in 
the phosphorylation of p38 MAP kinase was ob- 
served in HTV- 1 -infected cells, as compared with 
control, uninfected cells (Fig. 1A and B). Levels 
of p38 MAP kinase activity peaked at 2 hr fol- 
lowing introduction of virus into cultured T lym- 
phocytes (450% increase compared with unin- 
fected cells; p < .05, Fig. IB). The kinetics of 
early p38 MAPK activation in T lymphocytes as a 
consequence of HIV-1 infection correlated well 
with increases in p38 MAPK previously observed 
in macrophages following activation by other 
known stimuli of p38 MAPK, such as UV, TNF, 
and LPS (10). However, in primary T cells in- 
fected with HIV, phospho-p38 MAPK levels did 



not return to the low baseline levels seen in 
uninfected cells (Fig. 1A and B), even after pro- 
longed culture of T lymphocytes with virus for 
periods up to 6 days. This continued activation 
may be secondary to ongoing cycles of viral rep- 
lication and cellular infection, as opposed to a 
single episode of stimuli as seen with the addi- 
tion of UV, TNF, or LPS. 

We next asked whether p 38 MAPK is also 
activated in T cell lines infected with HIV. Jurkat 
cells were infected with the RF strain of HIV, 
then cell lysates collected at various intervals 
after infection and analyzed for phospho-p38 
MAPK by immunoprecipitation. As was seen in 
primary T lymphocytes, levels of phospho-p38 
MAPK rose substantially by 30 min after infec- 
tion, and they remained elevated 1 hr after in- 
fection (Fig. 1C). Thus p38 MAPK phosphoryla- 
tion is stimulated in both primary T lymphocytes 
and T cell lines by HTV infection. 

To determine whether binding of HIV- 1 to a 
target cell is sufficient for induction of p38 MAPK 
activation, we added heat-inactivated virus to 
primary T lymphocytes. At all time periods tested 
(30 min, 1, 2, and 4 hr), no stimulation of p38 
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MAPK was observed (data not shown). Thus 
binding of the virus to cellular receptors, which 
occurs with heat-inactivated as well as live virus, 
is not sufficient for p38 MAPK activation. In- 
stead, fusion of the virus with the T cell mem- 
brane, or other steps downstream of membrane 
fusion, may trigger cellular p38 MAPK activa- 
tion. 

p38 MAPK Antisense Oligonucleotides 
Inhibit Replication HTV-1 

Although these results suggested that activation 
of the p38 MAPK pathway is involved in HIV-1 
replication, we wished to obtain evidence that 
activation of this signaling pathway was neces- 
sary for HIV-1 replication. We measured HIV-1 
replication and p38 MAPK activity in T lympho- 
cytes that were treated with phosphothioated 
antisense oligonucleotides against p38 MAP ki- 
nase. Antisense p38 MAPK oligomers, or control 
sense oligomers were added to LAI-infected pri- 
mary T lymphocytes simultaneously with virus, 
and then replenished every 3 days thereafter 
until Day 10. The p38 MAP kinase antisense 
oligonucleotides specifically decreased HIV- 1 
replication as compared with controls treated 
with sense oligomers (Fig. 2A). The decrease in 
reverse transcriptase levels correlated with the 
decrease in p38 MAPK protein levels on both 
Day 7 and Day 10 after infection (Fig. 2A). Be- 
cause only the phosphorylated form of p38 



FIG. 2. Inhibition of 
HTV-1 replication in T 
lymphocytes by phospho- 
thioated antisense p38 
MAPK oligonucleotides 

(A) Shown here is the effect 
of sense and antisense 
p38MAPK oligonucleotides 
on total p38 MAPK protein 
levels as measured by West- 
ern immunoblot analysis, 
and its correlation with 
HIV-1 replication as mea- 
sured by RT. (B) Immuno- 
blot analysis of phospho-p38 
MAPK measured by immu- 
noprecipitation of cell lysates 
treated with sense (S) or an- 
tisense (AS) phosphothioated 
p38 MAPK oligonucleotides 
for 10 days. Cells were 
grown as described in Mate- 
rials and Methods. 



MAPK is active, we also looked at levels of phos- 
pho-p38 MAPK in cell lysates after antisense oli- 
gonucleotide treatment. Interestingly, the de- 
crease in phospho-p38 MAPK (70%, Fig. 2B) 
was much more dramatic at Day 10 than the 
decrease in total p38 MAPK (32%, Fig. 2A). Be- 
cause suppression of p38 MAPK protein synthe- 
sis by antisense oligonucleotides inhibited HIV-1 
replication in primary T lymphocytes, these re- 
sults provide direct evidence that p38 MAPK ac- 
tivation is required for viral replication. 

CN1-1493 Inhibits HTV-1 Infection of T 
Cells via Inhibition of p38 MAPK 
Activation 

We recently developed a tetravalent guanylhy- 
drazone compound (CNI-1493) as an effective 
inhibitor of proinflammatory cytokine synthesis 
(15-17). When CNI-1493 was added to the mu- 
rine cell line RAW 264.7, it effectively sup- 
pressed the activation of p38 MAPK stimulated 
by LPS (Fig. 3A). Pharmacological concentra- 
tions of CNI-1493 reduced p38 MAPK activation 
in these cells to levels that were comparable to 
unstimulated controls (Fig. 3A). We therefore 
investigated whether this compound could in- 
hibit HIV-1 replication in primary T cells. We 
measured p38 MAPK activation and viral repli- 
cation in primary .human T lymphocytes infected 
with the LAI strain, and observed that CNI-1493 
mediated suppression of p38 MAPK activation 
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FIG. 3. Inhibition of HTV-1 replication in T lymphocytes by CNI-1493 

(A) Immunoblot analysis of RAW 264.7 cells pretreated with varying concentrations of CNI-1493 1 hr prior to ad- 
dition of LPS. Cell lysates were prepared for irnmunoprecipitation and immunoblotting (as described in Materials 
and Methods) 15 min after administration of LPS. (B-D) PHA-activated T lymphocytes were pretreated with con- 
trol diluent or varying concentrations of CNI-1493 for 1 hr, infected with HIV-l^ as in Fig. 1, and cultured for 12 
days. Cells were refed every 3 days with fresh media containing IL-2 ± CNI-1493. Experiments were set up in du- 
plicate to follow virus replication by measuring RT activity in the culture supernatants and to collect cell lysates at 
various time points for phospho-p38 MAPK immunoblotting. (B) Dose -dependent inhibition of RT by the addition 
of CNI-1493 on Day 6 of culture. (C) Time course of HIY-1 inhibition by 1 jxM CNI-1493. (D) Immunoblot of 
phospho-p38 MAPK expression in HIV- 1 -infected cells on Day 6 after infection and treatment with 1 /iM 
CNI-1493. 



and HIV-1 replication (Fig. 3B, C, and D). The 
50% inhibitory concentration (IC 50 ) of CNI-1493 
for suppressing viral replication was 0.5 uJVL, a 
concentration that was similar to that required 
for suppressing p38 MAPK activation in RAW 
cells (Fig. 3A). In time-course studies we ob- 
served that viral inhibition by CNI-1493 (1 uM) 
persisted throughout the entire period of in vitro 
infection (Fig. 3C). Moreover, the magnitude of 
p38 MAPK suppression correlated with the sup- 
pression of HIV-1 replication (Fig. 3B, D). 

The observed inhibitory effect of CNI-1493 
on p38 MAPK activation after HTV-1 infection 
was not due to a toxic effect of CNI-1493 on T 
cells (Table 1). The possibility that the inhibitory 



TABLE 1. Effect of CNI-1493 on primary T 
lymphocyte viability 



CNI-1493 (pM) % Viability 

0.00 74.1 
0.05 92.6 
0.50 87.0 
5.00 71.4 



2 X 10 4 primary T lymphocytes in 1 ml of media were 
grown for 5 days in the presence of 20 units/ml of IL-2 
and varying concentrations of CNI-1493. Viable cells were 
assessed by the absence of Trypan blue uptake, and the to- 
tal number of cells present was counted. 
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effect of CNI- 1493 on HIV-1 replication in T cells 
was due to a nonspecific inhibition of tyrosine 
phosphorylation was also evaluated. Western 
blots of cell lysates from T cells infected with 
HIV-1 in the presence or absence of CNI- 1493 
showed no significant difference in tyrosine- 
phosphorylated proteins when analyzed using 
the anti-phosphotyrosine antibody 4G10 (data 
not shown). Finally, we have previously shown 
that CNI-1493 at levels <20 piM is not toxic 
when measured by metabolism of MIT or release 
of lactate dehydrogenase (LDH), and it does not 
affect levels of steady-state total protein or RNA 
synthesis (16). 



DISCUSSION 

Our results identify the p38 MAPK pathway as 
critical for HTV-1 replication in T lymphocytes. 
Infection of both primary T lymphocytes and a T 
cell line with HIV-1 causes a prompt and vigor- 
ous rise in the production of activated phosphor- 
ylated p38 MAPK. Inhibition of p38 MAPK 
protein using antisense phosphothioated oligo- 
nucleotides results in inhibition of HTV-1 replica- 
tion in primary T lymphocytes. In addition, a 
similar inhibition of p38 MAPK mediated by 
CNI-1493 also inhibited HIV-1 replication in pri- 
mary T lymphocytes. 

Experiments presented here begin to eluci- 
date the mechanism by which HTV-1 activates 
the p38 MAPK pathway in T cells. The addition 
of heat-inactivated virus did not appreciably 
raise the phospho-p38 levels in T cells. Thus 
binding of the virus to membrane is not sufficient 
for p38 MAPK activation. Recent work by Ku- 
mar et al. (18) shows that activation of the ras- 
homolog CDC42HS, an upstream activator of 
p38 MAPK, is necessary for cytoskeletal and nu- 
clear responses such as bacterial internalization 
via macropinocytosis that occur after infection of 
host cells with the bacterial pathogen Salmonella 
typhimurium. It is conceivable that a similar pro- 
cess occurs with membrane internalization of 
viral pathogens, activating CDC42HS, p38 
MAPK, and other downstream activators. In ad- 
dition, recent evidence from various investiga- 
tors indicates that PAK65, another upstream ac- 
tivator of p38 MAPK that is itself activated by 
CDC42 and Racl, is also activated in both SIV 
and HTV infection (19-21). 

The target of p38 MAPK activation and phos- 
phorylation necessary for HTV- 1 lymphocyte rep- 
lication has yet to be identified. Activation of p38 



MAP kinase is known to activate other proteins 
by phosphorylation, such as ATF-2, CHOP, 
HSP27, and Max (10,22-24). A number of HTV-1 
accessory proteins also require phosphorylation 
in order to be activated during infection (25). For 
instance, the HTV- 1 accessory protein Vif, which 
has been implicated in virion infectivity and 
HIV-1 replication, is activated by serine and 
threonine phosphorylation (26). Serine/threo- 
nine phosphorylation is also required for the 
function of HTV-1 matrix antigen in the early 
stages of infection (27). Activation of the p38 
MAPK pathway has also been implicated in 
"cross talk" with other ras-MAPK pathways (28), 
including the MAPK/ERK1 pathway, which is 
important in regulating the transcription factor 
GABP. Activation of GABP can then participate 
in regulating HTV-1 Raf-RE (Raf- responsive ele- 
ments), a region within the LTR promoter that is 
essential for regulation of HTV-1 expression (29). 
Lastly, the target of p38 MAPK critical for HTV 
replication may actually be via its effects on host 
TNF production in T cells. TNF produced by T 
cells is membrane -bound, rather than secreted, 
and little is known about the role of membrane - 
bound TNF in the regulation of HTV- 1 infection 
of T cells. 

The use of therapeutic agents to suppress p38 
MAPK activation could theoretically inhibit on- 
going viral infection. Moreover, suppression of 
p38 MAPK activation inhibits TNF synthesis in 
monocytes and macrophages (12,16,17), offering 
the additional advantage in HIV infection of pre- 
venting TNF-mediated systemic toxicity and re- 
activation of latent HTV- 1 -infected monocytic 
cells (30). Our observations that two indepen- 
dent methods of suppressing p38 MAPK activa- 
tion (antisense oligonucleotides and CNI-1493) 
can both inhibit HTV-1 replication identify the 
p38 MAP kinase signal transduction pathway as 
critical for in vitro replication of HTV-1 in pri- 
mary T lymphocytes. It is hoped that identifica- 
tion of this pathway in the pathogenesis of HTV- 1 
will facilitate the development of new therapeu- 
tic modalities. 
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